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Introduction
 The concept that longevity is influenced by events in 
early	life	is	not	new.	In	1934,		Kermack	et	al	1	showed	
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Nearly 20 years ago, it was discovered that low birthweight was associated with an increased risk of adult 
diabetes and cardiovascular disease (CVD). This led to the hypothesis that exposure to undernutrition 
in early life increases an individual’s vulnerability to these disorders, by ‘programming’ permanent 
metabolic changes. Implicit in the programming hypothesis is that improving the nutrition of girls and 
women could prevent common chronic diseases in future generations. Research in India has shown that 
low birthweight children have increased CVD risk factors, and a unique birth cohort in Delhi has shown 
that low infant weight, and rapid childhood weight gain, increase the risk of type 2 diabetes. Progress 
has been made in understanding the role of specific nutrients in the maternal diet. In the Pune Maternal 
Nutrition Study, low maternal vitamin B12 status predicted increased adiposity and insulin resistance 
in the children, especially if the mother was folate replete. It is not only maternal undernutrition that 
causes problems; gestational diabetes, a form of foetal overnutrition (glucose excess), is associated with 
increased adiposity and insulin resistance in the children, highlighting the adverse effects of the ‘double 
burden’ of malnutrition in developing countries, where undernutrition and overnutrition co-exist. 
Recent intervention studies in several developing countries have shown that CVD risk factors in the 
offspring can be improved by supplementing undernourished mothers during pregnancy. Results differ 
according to the population, the intervention and the post-natal environment. Ongoing studies in India 
and elsewhere seek to understand the long-term effects of nutrition in early life, and how best to translate 







‘permanent damage’ perhaps due to a ‘nutritional deficit’, 





	 Studies	 by	 Barker	 &	 osmond3,4	 in	 the	 UK,	 a	
decade	later,	focused	on	pre-natal	factors.	Differences	
around	 the	 UK	 in	 neonatal	 mortality	 (a	 marker	 for	
low	 birthweight)	 in	 1921-1925	 predicted	 death	 rates	
from	 stroke	 and	 heart	 disease	 in	 1968-19783.	 The	
discovery	 of	 birth	 records	 dating	 from	 1911	 in	 the	
county	of	Hertfordshire	made	it	possible	to	show	that	
low	birthweight	and	weight	at	one	year	were	associated	
with	 an	 increased	 risk	 of	 death	 from	 cardiovascular	
disease4.	 There	 was	 an	 approximate	 doubling	 of	
mortality	 from	 the	 highest	 to	 the	 lowest	 extremes	 of	










including	 type	 2	 diabetes5,	 metabolic	 syndrome6,	
chronic	 lung	 disease7,	 osteoporosis8	 and	 mental	
illness9.	 There	 is	 also	 a	 wealth	 of	 data	 showing	 that	






scientific research: the developmental origins of health 
and	disease	(DoHaD).
The foetal programming hypothesis
	 obviously,	 it	 is	not	 low	birthweight	of	 itself	 that	
causes	 these	 problems,	 but	 what	 low	 birthweight	
represents:	 foetal	 undernutrition	 and	 impaired	
development11	 (Fig.	 1).	 The	 foetus	 depends	 on	 the	
transfer	 of	 nutrients	 from	 the	 mother,	 and	 adapts	 to	
inadequate	nutrition	in	several	ways:	prioritization	of	
brain	 growth	 at	 the	 expense	 of	 other	 tissues	 such	 as	
the	abdominal	organs,	altered	secretion	and	sensitivity	
to	 the	 foetal	 growth	 hormones	 insulin	 and	 insulin-
like	growth	 factor-1	 (IGF-I),	 and	upregulation	of	 the	
hypothalamo-pituitary-adrenal	 (HPA)	 ‘stress’	 axis.	
The foetus sacrifices tissues that require high-quality 
building	 blocks,	 like	 muscle	 or	 bone,	 and	 instead	
lays	 down	 less	 demanding	 tissue,	 like	 fat.	Although	
occurring	in	response	to	a	transient	phenomenon	(foetal	
undernutrition),	these	changes	can	become	permanent	
or	 ‘programmed’	 because	 they	 occur	 during	 critical	
periods	of	early	development.		
	 The	 mechanisms	 by	 which	 this	 could	 occur11-15	
include	 simple	 growth	 failure,	 leading	 to	 impaired	
organ	size	and	structure,	for	example,	reduced	numbers	




axis	 and	 sympathetic	 nervous	 system.	 At	 a	 cellular	
level,	 these	 include	 altered	 epigenetic	 characteristics	
–	changes	to	the	proteins	and	other	molecules	attached	
to	DNA	which	control	gene	expression.	Each	of	these	
changes	 can	 lead	 directly	 to	 adult	 cardiovascular	
disease,	 or	 render	 the	 individual	 more	 susceptible	 to	
the	effects	of	environmental	stressors	such	as	obesity	
arising	in	later	life.
	 The	 programming	 hypothesis	 is	 supported	 by	
numerous	 examples	 of	 nutritional	 programming	






cellular	 levels.	 For	 example,	 insulin	 resistance	 and	
Fig. 1. The foetal programming hypothesis; flow diagram illustrat-





enzymes	 in	 the	 insulin-signalling	 pathway18.	 Raised	




factors	 with	 different	 body	 proportions	 at	 birth	 may	
reflect undernutrition during critical periods in gestation 
for	the	development	of	tissues	and	organ	systems11.	Male	
and	 female	 foetuses	 have	 different	 growth	 priorities,	
and adapt differently to undernutrition, reflected in 
sex	 differences	 in	 associations	 with	 neonatal	 body	
proportions11.	The	hyperplastic	development	of	many	
tissues	continues	 in	early	 infancy,	 and	undernutrition	
during	infancy	is	probably	equally	important3.	
Research in the Indian scenario
	 Indian	researchers	have	made	a	major	contribution	
to the DOHaD field and towards its translation into 
improved	human	health.	A	study	of	CVD	risk	factors	
in Indian children was the first in a developing country 
to	 examine	 associations	 between	 size	 at	 birth	 and	
later	risk22.	Among	4	yr	old	children	born	in	the	KEM	
Hospital,	Pune,	lower	birthweight	was	associated	with	
higher	 plasma	 glucose	 concentrations	 after	 an	 oral	
glucose load. When the children were re-studied at 
8	years,	 those	of	 lower	birthweight	had	higher	LDL-











children,	 many	 of	 the	 cohort	 were	 underweight-for-
age	[53%	at	the	age	of	2	yr,	using	National	Center	for	
Health Statistics (NCHS) standards]. When they were 
re-traced	 at	 26-32	 yr,	 40	 per	 cent	 were	 overweight	




glucose	 concentrations	 and	 insulin	 resistance	 were	
inversely	related	to	birthweight,	and	IGT	and	diabetes	













women	 who	 had	 low	 BMI	 SD	 scores	 in	 infancy	 but	
high	SD	scores	at	12	years	or	later.	
	 There	 are	 a	 number	 of	 possible	 reasons	 why	
weight	 gain	 in	 childhood,	 on	 a	 background	 of	 foetal	
restriction,	 might	 cause	 disease.	 Low	 birthweight	
babies	 tend	 to	 catch-up	 (compensatory	 growth),	 and	
the	rapidity	of	post-natal	growth	may	simply	indicate	
the	severity	of	growth	retardation	at	birth.	Alternatively	
the	 process	 of	 catch-up	 may	 be	 disadvantageous	 in	
itself.	 It	may	 impose	excess	demand	on	other	 tissues	
which	 are	 not	 capable	 of	 compensatory	 hyperplasia,	
such	as	 the	pancreas.	 It	may	alter	body	composition;	
animals	 can	 gain	 excessive	 fat	 if	 they	 are	 placed	 on	
a	high	plane	of	nutrition	after	a	period	of	early	post-
natal	 undernutrition24.	 McCance	 suggested	 that	 good	
nutrition	at	 this	stage	emphasises	the	development	of	
tissues	like	fat,	which	maintain	the	capacity	for	growth	
throughout	 life,	 but	 cannot	 recover	 tissues	 such	 as	
muscle,	which	develop	earlier	and	lose	the	capacity	for	
cell	division24.	Another	possibility	is	that	the	hormones	
driving	 catch-up	 growth	 have	 adverse	 cardiovascular	
and	metabolic	effects25.	
	 The	 Pune	 Maternal	 Nutrition	 Study	 has	 given	
insight	into	foetal	development	in	Indian	populations.	
This	 is	 a	 prospective	 population-based	 observational	
study	of	 rural	 Indian	women	and	 their	offsprings26,27.	
The	mothers	were	short	and	 thin	 (mean	pre-pregnant	




in	 the	 UK27.	 They	 were	 lighter	 by	 almost	 2	 standard	
deviations,	and	lean	tissues	such	as	muscle	(mid-upper-
arm	circumference)	and	abdominal	viscera	(abdominal	
circumference) showed a similar deficit. Truncal fat 
(subscapular	skinfolds),	however,	was	relatively	‘spared’	
(-0.5	SD).	Thus,	although	extremely	small	and	thin,	the	
babies	 were	 relatively	 adipose.	 A	 similar	 pattern	 has	
been confirmed in urban Indian populations28.	
	 The	aetiology	of	the	muscle-thin	but	adipose	‘thin-
fat’	 phenotype	 of	 Indian	 newborns	 is	 unknown.	 The	
adiposity	 is	 related	 to	 maternal	 adiposity	 and	 lipid,	
glucose	 and	 insulin	 concentrations,	 but	 the	 low	 lean	
mass	is	unexplained.	The	phenotype	may	be	‘adaptive’	
and	carry	survival	advantage;	for	example,	in	the	face	of	
a nutritional deficit, muscle growth may be sacrificed, 
and	fat	laid	down	preferentially	as	a	substrate	for	brain	
growth	 and/or	 immune	 function.	 Its	 consequences	
for	 later	 health	 are	 unknown;	 however	 it	 echoes	 the	
well-described	adult	 Indian	phenotype	(lower	muscle	
mass,	higher	percentage	body	fat,	and	greater	tendency	
to	 central	 adiposity	 than	 white	 Caucasians)	 that	 is	
strongly	associated	with	type	2	diabetes29. The findings 




	 Studies	 in	 India	 have	 also	 highlighted	 problems	
associated	 with	 maternal	 diabetes,	 which	 causes	
extreme	high	rather	than	extreme	low	birthweight.	In	
a	recent	study	of	contemporary	women	giving	birth	in	
Mysore30,	 the	 prevalence	 of	 gestational	 diabetes	 was	
high	 (6%)	 despite	 a	 low	 average	 maternal	 age	 and	
BMI.	 As	 expected,	 babies	 born	 to	 diabetic	 mothers	
were	heavier	(mean	birthweight	3339	g)	than	babies	of	




The role of nutrition
	 Foetal	growth	depends	on	the	uptake	of	nutrients,	
which	occurs	at	 the	end	of	a	complex	materno-foetal	





or	 circulation,	 and	 her	 cardiovascular	 adaptations	 to	
pregnancy,	 such	 as	 plasma	 volume	 expansion	 which	





	 Foetal	 growth	 can	 be	 readily	 restricted	 in	
experimental	 animals	 by	 reducing	 maternal	 intakes	
of	energy	and	protein	during	pregnancy31.	Energy	and	
protein deficiency in the mother is also associated 
with	intrauterine	growth	retardation	in	humans,	size	at	
birth	is	strongly	related	to	maternal	body	mass	index,	
and	 during	 acute	 famine	 birthweight	 falls	 by	 several	
hundred	grams32,33.	However,	randomised	clinical	trials	
(RCTs)	 of	 energy	 and/or	 protein	 supplements	 have	
shown	 only	 small	 effects	 on	 birthweight34.	 There	 is	
evidence	 that	 supplementing	undernourished	mothers	
with	 micronutrients,	 or	 improving	 the	 diet	 quality,	
increases	foetal	growth.	The	Pune	Maternal	Nutrition	
Study	 showed	 that	 mothers	 with	 higher	 intakes	 of	
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micronutrient-rich	 foods	 like	 green	 leafy	 vegetables,	
fruit	and	milk	had	babies	that	were	larger	in	all	body	
dimensions26.	 Several	 recent	 RCTs	 have	 also	 shown	
increased	 newborn	 size	 after	 maternal	 micronutrient	
supplementation,	although	the	increase	was	small35,36.	
Foetal	 growth	 is	 related	 to	 maternal	 height	 and	
birthweight.	 This	 suggests	 that	 undernutrition	 of	 the	
mother	during	her	own	foetal	life	and	childhood	growth	
limits	the	growth	of	her	foetus.	Effects	of	the	mother’s	
current nutritional status are therefore influenced by 
her	own	past	nutrition	and	that	of	earlier	generations.	
	 A	 relatively	 un-researched	 time	 is	 the	 peri-
conceptional	 period.	 Before	 the	 mother	 even	 knows	
she	 is	 pregnant,	 and	 before	 placentation	 occurs,	
sufficient nutrients must be present in the embryo’s 
immediate	 environment.	 The	 importance	 of	 peri-
conceptional	 nutrition	 has	 been	 demonstrated	 by	 the	
reduction	in	neural	tube	defects	with	pre-conceptional	
folate	 supplementation37.	 In	 experimental	 animals,	








gene	 expression,	 and	 therefore	 cellular	 proliferation	
and	 apoptosis,	 during	 foetal	 development.	 Genome-
wide	 demethylation	 occurs	 just	 after	 fertilization,	
followed	 by	 re-methylation	 at	 different	 stages	 of	
embryonic	development40.	Epigenetic	changes	induced	
at	 this	 time	 may	 become	 permanent	 and	 heritable,	
determining	 outcomes	 in	 later	 life	 and	 in	 the	 next	
generation.	 Maternal	 diet,	 and	 especially	 folate	 and	
vitamin B12 intakes influences these processes. For 
example,	 the	phenomenon	 in	 rats	 by	 which	 maternal	
protein	restriction	leads	to	hypertension	in	the	offspring,	
and	its	prevention	by	maternal	folate	supplementation,	
have	 been	 linked	 to	 the	 de-methylation	 (by	 protein	
restriction) and re-methylation (by folate) of specific 
genes41.





maternal	nutrition	 and	disease	 in	 the	offspring.	Until	
recently,	the	only	data	to	test	this	were	from	old	dietary	
surveys	 and	 famine	 studies.	 For	 example,	 the	 Dutch	
Famine	studies	have	shown	that	maternal	exposure	to	
famine	 in	 late	 gestation	 was	 associated	 with	 glucose	
intolerance	and	insulin	resistance	in	the	offspring42.	
	 The	 current	 focus	 on	 developmental	 origins	 of	
health	 and	 disease	 has	 led	 to	 the	 setting	 up	 of	 new	
prospective	 studies	 in	 which	 detailed	 information	 on	
maternal	 nutrition	 in	 pregnancy	 has	 been	 collected.	
one	of	these,	the	Pune	Maternal	Nutrition	Study,	has	
shown	that	low	maternal	calcium	intake	is	associated	
with	 lower	 bone	 mineral	 content	 in	 the	 children43.	
This	may	be	a	simple	example	of	inadequate	‘building	
blocks’	 for	 the	 tissue	concerned.	The	same	study	has	
also	provided	evidence	of	the	importance	of	1-carbon	
metabolism	 in	 programming	 processes.	 Vitamin	 B12	
deficiency in the mother, especially if she was folate 
replete,	 was	 associated	 with	 increased	 body	 fat	 and	
insulin	resistance	in	the	children	(Fig.	3)44.	
 We are now beginning to see the DOHaD 
hypothesis	tested	in	intervention	studies,	by	following	
up	 the	 children	 of	 undernourished	 women	 who	 took	
part	 in	 randomized	 controlled	 trials	 of	 nutritional	
supplementation	 in	 pregnancy.	A	 follow	 up	 study	 of	
adults	 born	 during	 the	 INCAP	 trial	 in	 Guatemala,	 in	
which	 villages	 were	 randomized	 to	 receive	 Atole45	
(a	 high-energy,	 high-protein	 drink)	 or	 Fresco	 (lower	
energy,	 no	 protein)	 found	 higher	 HDL-cholesterol	
and	 lower	 triglyceride	 concentrations	 in	 those	whose	
mothers	 had	 Atole45.	 Among	 adolescents	 in	 India,	
whose	 pregnant	 mothers	 received	 food-based	 energy	
and	protein	supplements	as	part	of	a	package	of	public	







blood	 pressure	 was	 lower	 (-2.5	 mmHg)	 in	 2-yr	 old	
Nepali	 children	 whose	 mothers	 received	 multiple	
micronutrients	in	pregnancy	rather	than	standard	iron/
folate	tablets47. However, there were negative findings 
in	a	trial	of	high-energy	biscuits	in	the	Gambia48.	The	
intervention	reduced	the	incidence	of	low	birthweight	
by	 40	 per	 cent	 and	 halved	 perinatal	 mortality,	 but	 at	
follow	 up	 there	 was	 difference	 in	 blood	 pressure	
between	 children	 born	 to	 women	 who	 received	 the	
intervention	 during	 pregnancy	 compared	 to	 women	
who	received	it	during	lactation.	
	 There	 are	 many	 good	 reasons	 for	 improving	
the	 diets	 of	 undernourished	 mothers.	 The	 Gambia	
supplement	 produced	 an	 impressive	 reduction	 in	
perinatal	 mortality,	 and	 in	 Guatemala,	 early-life	
exposure	 to	 Atole	 improved	 childhood	 growth	 and	
adult	 economic	 productivity49.	 Clearly,	 at	 present,	
there	 is	 inadequate	 evidence	 that	 such	 interventions	
improve adult health in the offspring. The findings 





that	 the	 investigators	 will	 follow	 up	 their	 subjects	
further	to	determine	the	full	extent	of	any	effects,	and	
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